Objective: On the basis of the functional roles of the embryonic stem cell niche (ESCN) in the human limbal stem cells (LSCs), we proposed to explore the potential roles of microRNAs in regulating the self-renewal and differentiation of LSCs cultured in the ESCN. Methods: The LSCs were cultured in different media, either in CnT-20 media or in CnT-20 + 20% ES culture supernatant (ESC-CM). The LSCs cultured in ESC-CM were then transfected with microRNA-31 (miR-31) mimic or antago-31. The colony-forming efficiency (CFE) was analysed. Cell cycle, apoptosis, mitochondrial potential and reactive oxygen species were analysed by flow cytometry, and quantitative real-time PCR was used to determine the expression levels of FIH-1, P21, P63, ABCG2, CK3, microRNA-31, microRNA-143, microRNA-145 and microRNA-184. Indirect immunostaining was employed to detect the expression of P63, ABCG2, survivin, connexin-43 and CK3. Western blot was employed to detect the expression of FIH-1, P63, P21, CK3, caspase 3, Tcf4, b-catenin, survivin, GSK3b and pGSK3b. Results: Compared with cells grown in CnT-20, the level of miR-31 in cells grown in ESC-CM was lower. We investigated the roles that miR-31 and FIH-1 play in regulating the functional properties of LSCs. We used antagomirs (antago) to reduce the level of miR-31 in LSCs. Antago-31 increased FIH-1 levels and significantly reduced P21 expressional level in LSCs compared to irrelevant-antago (Ir-antago) treatment. The downregulation of miR-31 in LSCs promotes the maintenance of stemness. Conclusion: ES culture supernatant (ESC-CM) regulates the fate of LSCs in part by inhibiting the miR-31/FIH-1/P21 axis. This study may have a high impact on the expansion of LSCs in regenerative medicine, especially for ocular surface reconstruction.
Introduction
The renewal of corneal epithelia relies on the properties of LSCs. Located between the transparent cornea and opaque sclera, LSCs could provide novel corneal epithelial cells to maintain optical clarity (Winkler et al. 2014) . They lack corneal differentiation markers such as cytokeratin-3/12 (CK3/12) and connexin-43(Cx43) (Lekhanont et al. 2009; Lu et al. 2011) , and LSCs could be differentiated into mature corneal epithelium from the periphery cornea towards the central cornea. Studies have shown that LSCs undergo more frequent cell divisions than terminally differentiated corneal epithelial cells (TDCs) and could be cultured ex vivo from limbal tissues , which could represent a source of cells for transplantation in the treatment of LSCs deficiency (LSCD) (Rama et al. 2010; Chae et al. 2015) .
The microenvironment plays a vital role in the maintenance of the functional properties of LSCs. Previous serial studies have shown that the features of rabbit corneal epithelial cells could be enhanced while cultured in ESC-CM . Interestingly, we also found that 25% ESC-CM could promote the proliferation of human corneal endothelial cells via the inhibition of p21 and apoptosis (Lu et al. 2010) . The ESCN could enhance the undifferentiated status and inhibit apoptosis in LSCs by activating the telomerase-p21-mitochondrial axis and the FAK/Wnt signalling pathway . Wang et al. demonstrated that by coculture with embryonic stem cells (ESCs), the features of stem cell-like corneal epithelial cells could be further strengthened by the activation of the integrin b1-FAK-PI3K/Akt signalling pathway (Zhou et al. 2011 ).
MicroRNAs (MiRNAs) are short non-coding oligonucleotides (18-22 nt) . If the roles of miRNAs in the pathogenesis of disease are confirmed, they could be excellent targets for therapeutic drug research (Garg 2015) . In recent years, a number of novel chemically engineered oligonucleotides, known as anti-miRs or antagomirs, have been developed and proved to be effective (Elmen et al. 2008a,b; ) . Therefore, a deeper understanding of the role of miRNAs in normal development, disease pathogenesis and cell biological functions may contribute to the development of novel treatments for a variety of diseases involving miRNAs (Stenvang & Kauppinen 2008) . Recent studies have shown that miRNAs have significant roles in the regulation of many cellular processes, including differentiation, proliferation, migration and apoptosis (Bartel 2004; Hatfield et al. 2005; Dolezalova et al. 2012; Peng et al. 2012a,b; Candi et al. 2015) . In the human cornea, several miRNAs have been shown to be expressed. Among them, microRNA (miR)-143 and miR-145 were expressed predominantly in LSCs but at very low levels in TDCs. However, miR-184 and miR-31 were maintained at a relatively higher level in TDCs than in LSCs (Lee et al. 2011; Peng et al. 2012a,b) .
On the basis of the functional roles of the ESCN in the LSCs, we endeavoured to discover the potential roles of the miR-31/FIH-1/P21 axis in maintaining the functional properties of LSCs in ESC-CM, which may serve as a representative model of tissuespecific adult stem cells.
Materials and Methods
Collecting human embryonic stem cells (hESCs), culture supernatants and the culture of LSCs Human embryonic stem cells (hESCs) were generously provided by Professor Jian Ge in Zhongshan Ophthalmic Centre, Sun Yat-sen University, China. The cells were cultured on 0.1% Matrigel-coated tissue culture dishes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) at a seeding density of 400/cm 2 in hESCs culture medium, and half the medium was changed every day. To prevent differentiated cell contamination, the hESCs were stained with an anti-human Oct-4 antibody (1:100; Chemicon, Temecula, CA, USA) to confirm their undifferentiated status before collecting the culture supernatant.
The LSCs were cultured in the CnT-20 Media (CELLnTEC Corporation, Bern, Switzerland) or CnT-20 with 20% human ESC-CM as previously described . Then, after reaching 80% to 90% confluence, the cells were harvested using 0.25% trypsin/0.01% EDTA (Sigma-Aldrich Corporation, St. Louis, MO, USA) for serial passages at a density of 2 9 10 4 cells/cm 2 or further analysis. Primary corneal epithelial cells were cultured from human peripheral corneal tissue explants (a ring 2 mm anterior to the corneoscleral junction) in corneal epithelium culture medium as described in previous work ).
The transfection of LSCs
The LSCs cultured in the ESC-CM were seeded onto six-well plates at a concentration of 1 9 10 6 cells/ml. After reaching 50% confluence, the cells were transfected with miR-31 mimics 100 nM, miR-31 inhibitor 100 nM, antago-31 100 nM, or Ir-antago 100 nM and riboFECT TM reagent according to the manufacturer's instructions. Briefly, we added 1 ll of 20 lM miR-31 mimics, miR-31 inhibitor, antago-31, or Irantago to 120 ll 1 9 riboFECT TM CP buffer. Then, we added 12 ll ribo-FECT TM CP reagent, mixed gently and incubated at room temperature for 15 min. Finally, we added the ribo-FECT TM CP mixture to the cells and then incubated for 72 hr at 37°C under 5% CO 2 and 95% humidity.
Measurement of the Proliferative Capacity of LSCs in Different Media
Colony-forming efficiency analysis
The CFE was analysed in different groups using the method described previously Sha et al. 2013) . Briefly, cells were seeded into 3.5-cm 2 dishes (which were coated with 3T3 fibroblasts) at a density of 500 cells/cm 2 for 1 week. During this period, the media were changed every 2 days. Then, the cells were gently rinsed with PBS three times, fixed with a methanol and acetic acid mixture (3:1, v/v) for 20 min and stained with Giemsa solution (1:10) for 10 min at room temperature. Finally, the CFE was calculated (CFE = number of clones/100 9 100%).
Cell cycle, apoptosis, mitochondrial potential and endogenous reactive oxygen species (ROS) measurement
To analyse the cell cycle, the cells were harvested and resuspended in PBS containing 2% FBS at a concentration of 1 9 10 6 cells/ml, fixed in cold absolute ethanol at 4°C for at least 1 hr and then washed with PBS three times. Then, 50 mg/ml of a propidium iodide (PI) staining solution was added. After incubation with 50 ml of 10 mg/mL of an RNase A stock solution at 4°C for 3 hr, the cell cycle was analysed by flow cytometry (BD, Franklin Lakes, NJ, USA; n = 3).
To examine the changes of apoptosis, mitochondrial potential and reactive oxygen species (ROS), the cells were measured by flow cytometry as described previously ).
Apoptosis and cell death were assessed using Annexin V-FITC (Life Technologies Corporation, Carlsbad, CA, USA) and PI (Life Technologies Corporation). To analyse the mitochondrial potential, cells were collected and resuspended at 1 9 10 6 cells/ml in culture medium. Next, 0.1 mg/ml Rhodamine 123 was added to the cells, which were incubated for 30 min at 37°C under 5% CO 2 and 95% humidity. After washing with culture medium, the final suspension was analysed.
For the measurement of the ROS, the cells were resuspended at a density of 2 9 10 6 cells/ml and were incubated with freshly prepared H 2 -DCF-DA at 37°C in the dark for 30 min. The H 2 -DCF-DA-loaded cells were rinsed twice in PBS and analysed immediately by flow cytometry (BD, Franklin Lakes, NJ, USA; n = 3).
Isolation of total RNA and qPCR
Total RNA was isolated from the cell cultures (n = 3) with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions and was quantified by its absorption at 260 nm as previously described (Liu et al. 2007 ).
The first-strand cDNA was synthesized by RT from 1 lg of total RNA using the SYBR PrimeScriptTM RT-PCR kit (DRR063S; Takara, Dalian, China) following the manufacturer's protocol. Quantitative real-time PCR (qPCR) was performed using the SYBR green system (DRR063S; Takara) to examine the expressions of FIH-1, P21, P63, ABCG2 and CK3. The specific primer pairs used for the qPCR are shown in Table 1 . The thermocycling conditions comprised an initial denaturation step at 95°C for 30 seconds, then 40 cycles of twostep PCR including 95°C for 15 seconds and 60°C for 31 seconds. Data were collected during the 60°C period. The results were analysed by the comparative threshold cycle (CT) method, and the housekeeping gene GAPDH was used as a reference.
For miRNA qPCR, total RNAs were isolated by the miRNeasy kit (Qiagen), according to the manufacturer's instructions. Taqman MiRNA Assays (Applied Biosystems) were performed according to the manufacturer's instructions. The specific primer pairs used for the q-PCR are shown in Table 2 , and the housekeeping gene U6 was used as a reference.
Indirect immunostaining analysis
The cell markers of LSCs in the different media were compared by indirect immunostaining as previously described ). The primary antibodies used were mouse anti-P63 mAb (Abcam, Cambridge, UK; 1:50), mouse anti-ABCG2 mAb (1:50; Chemicon), mouse anti-CK3 mAb (1:100; Chemicon), mouse anti-Oct-4 Ab (1:100; Chemicon), mouse anti-Connex43 mAb (Santa Cruz, CA; 1:100) and rabbit antisurvivin (1:50;1:100; Abcam). The secondary antibodies used were Alexa Fluor Ò -conjugated goat anti-mouse IgG (green colour; 1:100; Invitrogen) and Alexa Fluor Ò -conjugated goat anti-rabbit IgG (red colour; 1:100; Invitrogen). The nuclei were counterstained with Hoechst 33342 (Invitrogen Corporation, Carlsbad, CA; blue colour; 1:500). The examination was performed with a laser scanning confocal microscope (LSM 510 META; Carl Zeiss, Hamburg, Germany). Cells incubated with PBS instead of primary antibody were used as negative controls.
Western blot analysis
The cells from the different groups were collected for Western blot analysis to detect the expression of FIH-1, P63, P21, CK3, caspase 3, Tcf4, b-catenin, survivin, GSK3b and pGSK3b, as previously described . The information for the first antibodies was as follows: rabbit anti-P63 mAb (Abcam), rabbit antisurvivin (Abcam), mouse anti-p21(Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-CK3 mAb (Chemicon Corporation, Chemicon), mouse anti-Tcf4 (Abcam), rabbit anti-b-catenin (Abcam), mouse anticaspase-3 (Santa Cruz Biotechnology), mouse anti-FIH-1(Abcam), rabbit anti-GSK3b and rabbit anti-pGSK3b (Cell Signaling Technology, Danvers, MA, USA). The secondary antibodies used were HRP-conjugated goat antimouse IgG and goat anti-rabbit IgG (Sigma-Aldrich).
Statistical analysis
Allthestatisticalanalyseswereperformed with Statistical Package for Social Sciences (SPSS) software V 17.0 (SPSS Inc., Chicago, Illinois, USA). Experiments were repeated at least three times.
All the data were presented as mean and standard deviation (SD). The data were analysed by Student's t-test for two groups, orANOVAfor threeormore groups with p < 0.05 considered significant.
Results
Differential expression of MiRNAs in human limbal stem cells (LSCs) and in terminally differentiated cells of the cornea Limbal stem cells (LSCs) exhibited a relatively smaller and rounder shape, while TDCs had a typical polygon shape (Fig. 1A) . MicroRNA-143 and miR-145 were more intensely stained in LSCs, but there was low to negligible staining in TDCs (Fig. 1B) . In contrast, miR-31 and miR-184 were highly expressed in TDCs, but lower in LSCs. Both LSCs and TDCs were analysed for ABCG2 and P63 expression, and these markers were positive in LSCs but negative in TDCs (Fig. 1C,D) .
The role of miR-31 in regulating the proliferative capacity of LSCs
The LSCs cultured in ESC-CM had a small cell size with a high nucleus/ cytoplasm ratio, and the cells were relatively larger when cultured in CnT-20 medium. The CFE of the LSCs in ESC-CM and in the miR-31 inhibitor-treated group reached 7.33 AE 0.76% and 6.90 AE 0.79% at day 7, respectively, whereas the CFE of the LSCs in CnT-20 and treated by miR-31 was 4.50 AE 1.00% and 3.00 AE 1.00%, respectively. After transfecting with antago-31, the CFE of LSCs was 8.90 AE 0.53%. It could also be observed that the colony sizes were smaller than the Ir-antago-treated group ( Fig. 2A,B) .
The cell cycle assay indicated that the percentages of LSCs entering the cell cycle were significantly higher in the Antago-31-treated group than those cultured in the ESC-CM group, or CnT-20 groups. The cells entering the S phase represented 13.33 AE 1.15% of the cells in ESC-CM, whereas in CnT20, 9.33 AE 0.58% of the cells were in the S phase. Only 7.00 AE 1.00% of the cells entered the S phase in the miR-31-treated group. In contrast, the LSCs treated by antago-31 showed a higher percentage (22.33 AE 2.58%) of S phase cells (Fig. 2C) . The flow cytometry revealed that the percentages of apoptotic cells grown in CnT20 or ESC-CM, and treated with miR-31 inhibitor, miR-31 mimic, Irantago or Antago-31 were 17.43 AE 3.03%, 3.80 AE 0.56%, 4.83 AE 0.38%, 31.13 AE 7.56%, 5.93 AE 1.53% and 3.03 AE 0.23%, respectively. After treatment with antago-31, fewer apoptotic cells were observed among the LSCs than among those cells untreated (3.80 AE 0.56%; Fig. 2D ).
Furthermore, the flow cytometry analysis showed that the percentages of ROS in cells grown in CnT20 or ESC-CM, and treated with miR-31 inhibitor, miR-31 mimic, Ir-antago or Antago-31 were 27.73 AE 1.84%, 19.07 AE 1.54%, 22.40 AE 0.95%, 41.03 AE 1.89%, 22.47 AE 2.03% and 13.77 AE 1.19%, respectively. The level of ROS in the antago-31-treated group was significantly lower (p < 0.05, n = 3) than in the other groups (Fig. 3A) .
Consistent with these results, the changes of Mwm in the antago-31-treated group (95.13 AE 1.11%) remained higher (p < 0.05, n = 3) than the other groups, that is, the Ir-antago group (88.87 AE 1.50%), miR-31-treated group (58.53 AE 5.88%), ESC-CM group (92.17 AE 2.05%), miR-31 inhibitor-treated group (89.47 AE 2.47%) or the CnT-20 group (78.27 AE 2.83%; Fig. 3B ).
The inhibition of miR-31/FIH-1/P21 axis plays a vital role in maintaining the functional properties of LSCs
The LSCs in the miR-31 inhibitortreated group had a significantly higher percentage of P63-positive (p < 0.05, n = 3), ABCG2-positive (p < 0.05, n = 3), survivin-positive (p < 0.05, n = 3) than the cells in the miR-31-treated group. In contrast, the percentages of Cx-43 and CK3 were significantly lower (both p < 0.05, n = 3) in the miR-31 inhibitor-treated group than in the miR-31-treated group (Fig. 4A,C) .
Similarly, the LSCs in the antago-31-treated group possessed a significantly higher percentage (p < 0.05, n = 3) of P63-positive (p < 0.05, n = 3), ABCG2-positive (p < 0.05, n = 3), survivin-positive (p < 0.05, n = 3) than the cells in the Ir-antago-treated group. The percentages of cells expressing Cx-43 and CK3 in the LSCs were significantly lower (both p < 0.05, n = 3) in the Antago-31-treated group than in the Ir-antago-treated group (Fig. 4B,D) .
Consistently, the mRNA expression levels of P63 (p < 0.05, n = 3), ABCG2 (p < 0.05, n = 3) and survivin (p < 0.05, n = 3) were significantly higher in the miR-31 inhibitor-treated group/ Antago-31-treated group than in the miR-31-treated group/Ir-antago-treated group. The level of mRNA transcripts for CK3 was detected at a much lower level (p < 0.05, n = 3) in the miR-31 inhibitor-treated group/ Antago-31 treated group, compared to the miR-31/Ir-antago group (Fig. 4E,F) .
After treatment with miR-31, Western blotting indicated that the expression levels of P63 and survivin were decreased, but those of CK3 were increased. Not surprisingly, the cells in the miR-31-treated group expressed lower levels of FIH-1 and were more differentiated than controls, as evidenced by increased expression of p-GSK3b as well as greater numbers of CK3-and Cx43-stained cells. However, in the Antago-31-treated group, P63 and survivin levels were elevated, and the expression of CK3 was downregulated. The expression of P21 was downregulated in the Antago-31-treated group. The level of Tcf4 was increased after treatment by Antago-31. Interestingly, caspase-3 was maintained at a relatively lower level in the Antago-31 treated group, and Antago-31 treatment markedly increased FIH-1 protein in LSCs. This resulted in the inability of these cells to express CK3 and Cx43 (Fig. 5A) .
The miR-31 (6.0 AE 1.0-fold, p = 0.001) and miR-184 (12.0 AE 1.0-fold, p = 0.002) were the most significantly upregulated miRNAs in the LSCs after treatment with miR-31 mimic. On the other hand, two miRNAs (miR-143, 7.0 AE 0.5-fold, p = 0.001; miR-145, 11.3 AE 0.7-fold, p = 0.035) were upregulated after antago-31 treatment (Fig. 5B) .
Discussion
On the basis of previous studies, we investigated the roles of miR-31 and related signalling pathways on the cellular phenotype, biological function, proliferative capacity, cell cycle and apoptosis of LSCs cultured in ESC-CM. Our research demonstrated that the expression levels of miR-143 and miR-145 in LSCs were higher than in the TDCs, whereas the expression levels of miR-31 and miR-184 in LSCs were lower than in the TDCs. When miR-31 was downregulated, we observed that the expression of miR-143 and miR-145 was upregulated. MicroRNA-31 is a corneal epithelialpreferred MiRNA, and FIH-1 is a predicted target of miR-31. Our results demonstrated that the expression level of FIH-1 could be downregulated following treatment by miR-31 mimic. Importantly, FIH-1 was upregulated after treatment by antago-31. In addition, we observed that the LSCs could maintain their stem cell functional properties if the LSCs were grown in lower levels of miR-31 (Fig. 5) . After treatment by antago-31, the expression levels of P63 and ABCG2 were upregulated, and the level of CK3 was suppressed. Therefore, miR-31 could be an important regulatory molecule for human LSC differentiation.
Apoptosis is programmed cell death. P21 is a potent inhibitor of cyclindependent protein kinases (Cdks) (Chen et al. 2015) . Studies have shown that overexpression of p21 can effectively inhibit the proliferation of mammalian cells (Zhang et al. 2002) . In addition, mitochondria could use the oxidative phosphorylation pathway to convert energy for the cell into a usable form, ATP; in the process, they produce ROS, which can damage mitochondrial DNA, impair respiratory chain function and cause nuclear DNA damage, and cellular checkpoint activation (Sahin et al. 2011) . If too much damage is present in mitochondria, a cell undergoes apoptosis. As shown in Fig. 4 , the levels of Dwm were higher and the levels of ROS were reduced in the ESC-CM group and the antago-31 group, and the levels of P21 were also significantly reduced after antago-31 treatment. Research has demonstrated that survivin, the smallest member of the inhibitor of apoptosis protein family (IAP) in mammalian cells, is involved in many steps in cell division (Lu et al. 2011; Fragni et al. 2016; Vequaud et al. 2016) . As shown in Fig. 5A , the survivin protein was markedly increased in the antago-31-treated group. Moreover, in the antago-31 treatment process, the phosphorylation of GSK3b (pGSK3b) was elevated. After treatment with antago-31, the expression level of b-catenin and pGSK3b was increased. Consistent with previous studies (Zhou et al. 2011; Liu et al. 2013) , pGSK3b was responsible for the activation of the FAK/Wnt signalling pathway after treatment by antago-31.
In summary, our findings demonstrated that ESC-CM enhanced the undifferentiated status and inhibited apoptosis in LSCs partially by inhibiting the miR-31/FIH-1/P21 axis. Importantly, the fate of LSCs by miR-31 expression may serve as a possibility to culture corneal epithelial cells to be used for corneal surface repair and regeneration, particularly in patients with LSCD. This could shed light on the functional properties of miRNAs in LSCD and assist in the development of miRNA-related therapeutic drugs, thus pointing to a potential novel cell therapeutic strategy for treating ocular surface diseases.
